• Edge-of-field water quality monitoring quantifies conservation efficacy for cotton.
This scrutiny has prompted much activity aimed at reducing nutrients lost to the Gulf within the Mississippi River Basin, including the formation of the Mississippi River/Gulf of Mexico Hypoxia Task Force, a consortium of Federal agencies and States (USEPA, 2018a) . This consortium developed an action plan to reduce nutrients entering the Gulf, which includes nutrient reduction strategies prepared by each Member State (USEPA, 2018b) .
Another major effort to reduce nutrient delivery to the Gulf is the launching of the USDA-NRCS Mississippi River Basin Healthy Watersheds Initiative, a voluntary landscape initiative. This initiative provides financial assistance to producers to install conservation practices (CPs) that have the potential to reduce nutrients from cropland (USDA-NRCS, 2018) . The Mississippi River Basin Healthy Watersheds Initiative piloted an innovative conservation activity to assist landowners by providing financial assistance for edge-of-field monitoring (EOFM) of cropland to help farmers to quantify nutrient and sediment losses from individual management units such as fields and to demonstrate CP efficacy for a given set of conditions (Daniels et al., 2018) .
Edge-of-field monitoring of runoff from individual agricultural fields is critical to improving our understanding of the fate and transport of nutrients applied as animal manures and fertilizer to agricultural lands along the complex watershed continuum (Harmel et al., 2016; Reba et al., 2013; Sharpley et al., 2016) . Within the last decade, EOFM has moved from mostly research applications to routine adoption for education and performance assessment of environmental indicators on private, working farms. King et al. (2018) used a network of 40 EOFM sites to evaluate the "4Rs" of fertilizer management ("right source, right rate, right time, and right place") that are being promoted by the fertilizer industry to address nutrient loss from agricultural fields (Nutrient Stewardship, 2019) . The results highlight the importance of understanding field hydrology on surface and subsurface P transport.
Additionally, EOFM helps producers more clearly see how their management systems affect in-stream water quality and watershed functions (Sharpley et al., 2015) . The nutrient runoff effectiveness of CPs on private farms in Arkansas is being evaluated by the Arkansas Discovery Farm Program (Sharpley et al., 2015 (Sharpley et al., , 2016 . Arkansas Discovery Farms are privately owned farms that have volunteered to help with onfarm research, verification, and demonstration of farming's impact on the environment and natural resource sustainability. The overall goal of the program is to assess the need for and effectiveness of on-farm CPs and to document nutrient and sediment loss reductions and water conservation in support of nutrient management planning and sound environmental farm stewardship. This information bridges a knowledge gap that now keeps farmers, natural resource managers, and decision-makers from confidently taking effective actions that ensure economic and environmental sustainability.
Few field-scale studies have been conducted in the LMRB on nutrient loss in runoff from cotton under contemporary management (Fannin et al., 2009 ). Cotton production is an important sector of the agricultural economy in the LMRB, accounting for an estimated annual value of $438 million. On poorly drained soils in the LMRB, cotton is commonly grown on beds and is furrow irrigated. Adviento-Borbe et al. (2018) investigated the effect of tillage and fertilizer placement on runoff water quality from furrow-irrigated plots arranged in a randomized, complete block design in northeastern Arkansas. They found median total nitrogen (TN) and total phosphorus (TP) concentrations of <0.3 and 0.05 mg L -1 , respectively, and concluded that concentrations were affected by runoff volumes. Aryal et al. (2018) conducted 3 yr of EOFM on the effect of cover crops on nutrient runoff from cotton production fields in northeastern Arkansas and found that nutrient losses were generally greater in the non-growing season than when cotton was actively growing.
Blanco-Canqui (2018) reviewed several cover crop studies, concluding cover crop effectiveness in order of: reducing NO 3 -N leaching > reducing sediment > reducing runoff and > reducing dissolved nutrients in runoff. Adeli et al. (2013) reported no significant differences in N loss in runoff comparing cover crops with no cover and that soluble reactive phosphorus (SRP) concentrations (0.43 and 0.33 mg L -1 with and without a cover crop, respectively) and mass loss (0.038 and 0.019 kg ha -1 with and without a cover crop, respectively) were significantly higher with cover crops than with no cover crop. Sharpley and Smith (1991) observed a similar increase in SRP runoff with cover crops in several cropping systems.
This paper details the loss of nutrients in runoff from cotton production fields, quantifies the effect of cover crops on losses, and compares nutrient runoff generated by irrigation with that generated by rainfall, using EOFM on an Arkansas Cotton Discovery Farm.
MAtErIALs AND MEtHODs
The study site was located on a privately owned farm in Desha County, Arkansas (Fig. 1 ) within the Bayou Macon watershed (Hydrologic Unit Code, 08050002). Four fields (Fig. 2) were selected based on the fact they were hydrologically isolated from inputs other than rainfall and irrigation (i.e., run-on from other fields). The fields had been in a cotton-corn (Zea mays L.) rotation for at least 10 yr and drained to a central collection ditch, where we installed equipment to monitor and collect runoff. Field sizes and soils varied among fields (Table 1) : Field 1 is mapped at Sharkey clay (very-fine, montmorillonitic, non-acid, thermic Ver- tic Hapluquept) and Desha silt loam (very-fine, mixed, thermic Vertic Hapludoll), whereas Fields 2, 3, and 4 are mapped as Hebert (fine-silty, mixed thermic, Aeric Ochraqualf ) and Rilla silt loams (fine-silty, mixed thermic, Typic Hapludalf ). The Sharkey clay is a poorly drained, very slowly permeable soil, whereas the Desha silt loam is a somewhat poorly drained, very slowly permeable soil. The Hebert silt loam is a somewhat poorly drained, very slowly permeable soil, whereas the Rilla silt loam is a well-drained, moderately slowly permeable soil. Cotton and corn on all fields were grown on beds and furrow irrigated. Minimum tillage and stale seedbed were used in all four fields. Beds where lightly disturbed to prepare the seedbed, but furrows were not disturbed. Fertilizer was applied after stand establishment, and 32% liquid urea N was knifed into the soil. Phosphorus was broadcast-applied as di-ammonium phosphate (18-46-0), providing the remainder of the applied N ( Table 1 ). Fertilizer rates of N and P were consistent with University of Arkansas Division of Agriculture Soil Test recommendations. Planting dates and harvest varied from year to year. All four fields were furrow irrigated using lay-flat, collapsible polyethylene tubing (30-cm diam.), which was attached to solid pipe coming out of well riser (Delta Plastics, 2018). The tubing header ran from the well riser along the width of the upslope end of the field. To account for pressure differences along the delivery header and for differences in row length, the computerized-hole selection tool (Pipe Hole and Uniformed Crown Evaluation Tool [PHAUCET]; Henry, 2014) was used to design the irrigation delivery system and to provide differential hole size selection for each individual furrow to customize flow to provide spatial uniformity down the furrows. Plots were irrigated at the producer's discretion based on experience and soil moisture sensors. Irrigation amounts varied to ensure the desired wetness and uniformity within each field (Table 2) .
runoff Collection
At the lower end of each field, automated runoff water quality-monitoring stations were established (i) to measure runoff flow volume, (ii) to collect runoff samples for water quality analysis, and (iii) to measure rainfall. A 60°, V-shaped, eight-inch trapezoidal flume that was precalibrated and gauged was installed at the outlet of each field (TRACOM, 2018 ). An automated portable water sampler (ISCO 6712; Teledyne ISCO [2018] ) was used to interface and integrate all the components of the flow station. An ISCO 720 flow module equipped with a submerged pressure transducer was used to measure the hydraulic head (H) at a flow-calibrated measurement point within a stilling well connected to the trapezoidal flume and was integrated with the automated sampler.
Runoff discharge, Q, any given time was estimated from the equation:
where Q is runoff discharge (L s -1 ), and H is the hydraulic head (m). Hydraulic head data were recorded every minute. Runoff discharge was downloaded from a monitoring station via a modem into the ISCO Flowlink software, where discharge curves integrated over time (hydrographs) were used to calculate total discharge for a single runoff event. Precipitation was measured using an ISCO tipping bucket gauge integrated with the ISCO 6712, or data were obtained from the National Oceanic & Atmospheric Administration, National Centers for Environmental Information, Arkansas Post, AR Station (USC00030240). 
Automated sampling of runoff Quality
The ISCO automatic water sampler collected runoff samples at predetermined intervals of 18,927 L during a discharge event. For example, each sampler is programmed to collect 100 100-mL samples during each flow-paced increment and integrated across various stages of the flow hydrograph, or up to a total of 10 L during each runoff event. Samples were collected from the sampler within 24 h. The total sample volume was thoroughly mixed, and three subsamples were collected. One subsample was filtered with a 0.45-µm syringe filter in the field and placed in a glass vial to determine SRP. Another subsample was preserved immediately on collection with H 2 SO 4 to determine TN and TP and NO 3 -N. A third subsample was collected as back-up volume. All subsamples were placed on ice and shipped overnight to the Arkansas Water Resources Lab, a USEPA-certified laboratory. Each sample was analyzed following USEPA methods (Arkansas Water Resources Center, 2018) for the following constituents: 
statistical Analysis
The field monitoring recognized three distinct runoff conditions based on time of year and input water source: (i) runoff generated by rainfall during cotton growing season, defined as 1 May to 31 October; (ii) runoff generated by irrigation during the growing season; and (iii) runoff during the non-growing season, defined as 1 November to 30 April.
Because the set of years for which data were available differed by field, concentrations and mass losses per unit area on an event basis were analyzed separately for each field using Statistical Analysis Software (SAS, 2019). Data were not available from Field 1 in 2013 due to equipment malfunction and were unavailable in 2017 due to land-leveling and berm construction in a neighboring field, which contaminated the results. Thus, Field 1 was not included in the per-event analysis due to having only 3 yr of data. The design for each field was treated as a randomized complete block design, with years as the random block effect and the set of conditions that generated each runoff scenario within a given field as the fixed effect factor. Because the nutrient measurements, runoff amounts, and depths have only non-negative values, a generalized linear mixed model with a g distribution and a natural logarithm link was used to analyze the data for each variable. Where appropriate, the least squares means were separated using a protected LSD procedure at the 0.05 level of significance. Simple descriptive statistics were also presented.
To determine the relationship between cumulative nutrient loss during the growing season (planting to harvest) and cumulative runoff during the same time, the combination of field (four fields) by year (5 yr, but Field 1 was not monitored during 2013) was used to generate 19 site-years to use in regression analysis at the 0.05 level of significance.
rEsULts AND DIsCUssION

Hydrological Inputs and Outputs
Long-term annual rainfall for the study site is 132 cm yr -1 . During the study, annual rainfall ranged from 126 cm in 2017 to 153 cm in 2013 ( Fig. 3) . Monthly rainfall totals differed among years. The largest departures from normal occurred in August 2017, when rainfall totaled 28.6 cm, which was 23 cm above the norm. Over the 5 yr of monitoring, there were 33 events for which rainfall exceeded 5 cm and three exceeding 10 cm (data not shown). Because of the temporal variability in rainfall, annual irrigation volumes varied (Table 2) . Thus, irrigation runoff ranged from one to nine events within a given year.
Runoff volume across events were highly variable for each field as the standard deviation was greater than the mean in three fields, resulting in coefficient of variation near or exceeding 100% (Table 3) . As a result, median runoff volumes were chosen to describe central tendency and ranged from 0.61 to 1.06 cm.
Maximum runoff volumes from Field 2, Field 3, and Field 4 discharge events were similar, ranging from 6.4 to 7.3 cm, and were about half of that for maximum runoff volume from Field 1.
Nitrogen Loss per Event
Similar to runoff volumes, N losses were highly variable among fields and years; standard deviations approached or exceeded means for concentration and mass losses (Tables 4 and 5). Again, using median values, NO 3 -N concentrations per event ranged from 0.4 to 1.10 mg L -1 , and TN per event ranged from 1.36 to 3.63 mg L -1 across the four fields. In terms of mass loss, NO 3 -N losses ranged from 0.03 to 0.1 kg ha -1 , and TN ranged from 0.11 to 0.23 kg ha -1 across the four fields. Adeli et al. (2011) reported similar mean NO 3 -N and TN concentrations (ranging from 0.12 to 0.15 and from 0.36 to 0.72 mg L -1 , respectively) from runoff plots under cotton in Mississippi, where N was injected as liquid (32% N) and P was broadcast. In terms of mass loss per unit area, NO 3 -N and TN losses ranged from 0.025 to 0.027 and from 0.074 to 0.091 kg ha -1 , respectively. Neither concentration nor mass per unit area was significantly different from the unfertilized control in either year of the study.
Phosphorus Loss per Event
Similar to runoff volume and N, SRP and TP varied among years and fields (Table 5 ). Median concentration per event for SRP and TP ranged from 0.172 to 0.437 mg L -1 and from 0.556 to 0.856 mg L -1 , respectively. Mass loss per event of SRP and TP ranged from 0.006 to 0.025 kg ha -1 and from 0.025 to 0.049 kg ha -1 , respectively. Adeli et al. (2011) reported mean SRP and TP concentrations per event ranging from 0.24 to 0.36 and from 0.79 to 0.91 mg L -1 , respectively, and mass losses per event ranging from 0.036 to 0.063 and from 0.155 and 0.186 kg ha -1 , respectively. However, like N, these means were not significantly higher than unfertilized control but were lower than in plots fertilized with both incorporated and unincorporated poultry litter.
Effect of Growing Condition and Mode of runoff Generation on Nutrient Losses
During the growing season, mean NO 3 -N and TN concentrations in precipitation and irrigation runoff were similar except for Field 2, where G-Rain concentrations were three times those of runoff generated by irrigation during the growing season (Table 6 ). Rainfall events during the growing season produced greater N concentrations in runoff than in the non-growing season for Fields 2 and 3 but not for Field 4.
Statistical analysis of losses on a per-event basis revealed that cover crops reduced the mean concentration of NO 3 -N and TN as compared with losses measured during the growing season. Neither irrigation nor cover crop had a significant effect on mass loss of NO 3 -N and TN in runoff in any of the three fields ( Table 6 ). The high degree of variability associated with runoff volumes likely masked any statistical difference in nutri- Max. Fields 2, 3, and 4) . ent losses per unit area. Apparently, the relatively higher degree of variability associated with individual runoff volumes masked any differences in mass losses when considered on an individual event basis. Significant differences in SRP and TP were consistent for concentration and loads among fields and observation periods (Table 7) . Soluble reactive P and TP concentrations in runoff were significantly lower during irrigation-induced runoff events compared with rainfall-induced runoff events. However, there was no difference in SRP or TP in runoff from rainfall-derived events whether cotton was actively growing or not, with or without a cover crop. The lone exception was that the SRP load per event in Field 3 was significantly higher in the non-growing season than during the growing season even in the presence of a cover crop. Although SRP and TP losses were not significantly different, they were numerically higher in the non-growing season where cover crops were present in Fields 2 and 3.
It is possible that lower losses of P with irrigation-derived runoff, compared with rainfall events, is due to less detachment and transport of sediment during irrigation than rainfall-induced runoff. Because irrigation flow has a lower kinetic energy than raindrop impact and natural rainfall-induced runoff, runoff has a lower capacity to detach and transport soil particles (Sharpley, 1985) . Also, the fact that cover crops did not affect a reduction in SRP or TP concentration of flux in surface runoff likely results from a release of water-soluble P from the cover crop residue, the magnitude of which will depend on cover crop management.
Unlike N, mass-based unit area losses of P were statistically different: irrigation-derived losses were at least 2.5 times lower than rainfall-derived losses during both growing and non-growing seasons. table 6. Comparison of means of nitrogen concentration and mass losses per unit area in runoff for events occurring during the growing season from irrigation tail-water loss (G-I), growing season from rainfall generated runoff (G-rain), and events occurring during the non-growing season for cotton generated by rainfall (NG-rain). Each field was analyzed separately.
NG-rain 0.55A 2.16A 0.05A 0.18A † Field 1 was not included in this analysis due to missing data. ‡ Means within the same column and field followed by a different letter are significantly different at a = 0.05 (ANOVA). table 7. Comparison of means of phosphorus concentration and mass losses per unit area in runoff for events occurring during the growing season from irrigation tail-water loss (G-I), growing season from rainfallgenerated runoff (G-rain), and events occurring during the non-growing season for cotton generated by rainfall (NG-rain). Each field was analyzed separately.
NG-rain 0.70A 1.64A 0.09A 0.16A † Field 1 was not included in this analysis due to missing data. ‡ SRP, soluble reactive phosphorus; TP, total phosphorus. § Means within the same column and field followed by a different letter are significantly different at a = 0.05 (ANOVA). 
Nutrient runoff relative to Nutrients Applied as Fertilizer
Total nutrient losses in runoff collected during the time between planting and harvest varied among years and fields (Tables 8 and 9 ). Nitrate-N loss from planting to harvest ranged from 0.07 to 9.13 kg ha -1 across all fields and years, and TN ranged from 0.52 to 16.97 kg ha -1 . During the same period, SRP ranged from 0.04 to 2.21 kg ha -1 , and TP ranged from 0.4 to 12.1 kg ha -1 .
Although annual losses could not be determined in this study due to equipment maintenance, malfunction, and other issues, cumulative losses during 1 May to 30 October were determined annually to capture the cotton-growing season. When averaged across all years and fields, 3.7% of applied fertilizer N and 4.0% of applied P was lost in runoff; loss ranged from 0.4 to 14.0% of N applied and 0.4 to 8.0% P applied (Table 8) . Field 3 in 2014 and Field 1 in 2015 were planted in corn, and total N applied as fertilizer was ~40% more than for cotton to meet N needs of corn, yet TN losses from these two fields were not proportionately higher as compared with cotton fields in those years.
Nutrient loss increased linearly for all nutrient constituents as total runoff increased during the monitoring period ( Fig. 4 and 5). Linear regression coefficients suggest that NO 3 -N and TN increased by 0.15 and 0.53 kg ha -1 , respectively, per centimeter increase in total runoff, whereas SRP and TP increased by 0.06 and 0.08 kg ha -1 , respectively. The linear relationships were stronger for SRP and P than for NO 3 -N and TN.
Often, losses are considered mostly as a function of source without consideration for hydrology and runoff. However, through regression analysis of cumulative nutrient and runoff losses of year by field combinations, it was determined that both cumulative N and P losses increase linearly with runoff volume.
CONCLUsIONs
On-farm edge-of-field monitoring of nutrient losses in runoff is becoming a routine activity to determine environmental impact by quantifying nutrient losses on runoff. During this 5-yr study, 404 runoff events were monitored across all fields and years. Losses were on the same order of magnitude as mean losses on an event basis, as reported elsewhere in the literature.
Although understanding differences on an event basis is important, the cumulative effect of practices over several years (e.g., >4 yr) will provide a more reliable indicator of performance or impact of conservation practices. This combination of event, seasonal, and annual nutrient loss monitoring over several years provides an understanding of source, management, and weatherrelated controls. Most importantly, this temporally and spatially explicit understanding will provide technical support of effective conservation practice identification, which focuses on managing source as well as transport control strategies.
